Bistatic radar studies of the moon, part 1 Final report /letter/, 1 Jun. 1969 - 31 Nov. 1970 by Tyler, G. L.
CENTER FOR RADAR ASTRONOMY . 
Stanford Electronics Laboratories 
Stanford. California 94305 
(415) 321-2300 
18 February 1971 
O f f i c e  of S c i e n t i f i c  and Technica l  Informat ion  
Nat iona l  Aeronaut ics  and Space Admin i s t r a t ion  
Washington, D. C. 20346 
R e :  NASA Grant NGR 03-020-348 
Gentlemen , 
T h i s  l e t te r  c o n s t i t u t e s  P a r t  I of t h e  F i n a l  Report  on B i s t a t i c  
Radar S t u d i e s  of t h e  Moon. 
and accompanies t h e  let ter.  T h i s  r e p o r t  d e s c r i b e s  work c a r r i e d  o u t  
between June 1, 1969 and November 31, 1970 a t  t h e  Center  f o r  Radar 
Astronomy, S tan fo rd  Un ive r s i ty ,  under  Na t iona l  Aeronaut ics  and Space 
Admin i s t r a t ion  g r a n t  number NGR 05-020-348. 
P a r t  I1 of t h i s  r 'eport i s  bound s e p a r a t e l y  
The p r i n c i p a l  goa l  o f  t h i s  work was t h e  a n a l y s i s  and unders tanding  
of p rev ious ly  acqu i r ed  l u n a r  b i s t a t i c - r a d a r  d a t a  obta ined  i n  con junc t ion  
w i t h  Lunar O r b i t e r s  I and I11 and Explorer  35 s p a c e c r a f t .  A t  t h e  
beginning  of t h i s  s tudy  t h e  f i r s t  sys t ema t i c  b i s t a t i c - r a d a r  obse rva t ions  
had j u s t  been c a r r i e d ' o u t  w i t h  Explorer  35. 
o f  obse rva t ions  from the Lunar O r b i t e r s  a l s o  e x i s t e d .  It  was c l e a r  t h a t  
t h e  d a t a  were r e l i a b l e  and i n  agreement wi th  t h e  first o r d e r  p r e d i c t i o n s  
r ega rd ing  b i s t a t i c  r a d a r  echoes.' However, t h e r e  had been no oppor tun i ty  
t o  examine t h e  d a t a  i n  d e t a i l  or t o  t a k e  more than  t h e  most pre l iminary  
s t e p s  towards us ing  i t  t o  d e r i v e  i n f e r e n c e s  a s  t o  t h e  n a t u r e  of t h e  l u n a r  
s u r f a c e .  S e v e r a l  obvious t h e o r e t i c a l  q u e s t i o n s  r equ i r ed  answers.  Among 
these ,  two of p a r t i c u l a r  importance were, what i s  t h e  p r e c i s e  (as  
opposed t o  f i r s t  o r d e r )  r e l a t i o n s h i p  between t h e  s u r f a c e  s c a t t e r i n g  law 
and t h e  b i s t a t i c - r a d a r  s p e c t r a  for a r b i t r a r y  s c a t t e r i n g  laws, and how 
l i k e l y  a r e  conc lus ions  based on s i m p l i f i e d  models t o  be  co r rup ted  by 
t h e  d i f f u s e  component o f  t h e  s c a t t e r i n g ?  O t h e r s  were r e l a t e d  t o  t h e  
b i s t a t i c  technique  and t h e  assumptions used i n  t he  a n a l y s i s :  can  t h e  quas i -  
s p e c u l a r  and d i f f u s e  components of t h e  b i s t a t i c  r a d a r  spectrum be  separa ted ,  
and i f  so i s  t h e  b i s t a t i c  echo primary quas i - specu la r ;  can  monochromatic 
b i s t a t i c  r a d a r  d a t a  be  i n t e r p r e t e d  unambiguously? It was p o s s i b l e  d u r i n g  
t h e  cour se  o f  t h i s  s tudy  t o  f i n d  answers t o  t h e s e  o r i g i n a l  ques t ions .  New 
i n s i g h t s  were ob ta ined  and new q u e s t i o n s  have a r i s e n .  
I n  a d d i t i o n ,  a l i m i t e d  set 
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The v i s i b l e ,  completed ou tpu t  of  t h i s  wor appears  i n  t h r e e  
s c 5 e n t i f  i c  publ ica  t i ons2 ,  3~~ and two r e p o r t s  5 t :  9 
B i s t a t i c  r a d a r  measurements of topographic  v a r i a t i o n s  
i n  l u n a r  s u r f a c e  s l o p e s  w i t h  Exp lo re r  35 ( T y l e r ,  G .  L. 
and R. A. Simpson, Radio Sc ience)  
Lunar s l o p e  d i s t r i b u t i o n s :  a comparison of b i s t a t i c  r a d a r  
and photographic  r e s u l t s  (Tyler ,  G. L., R. A. Simpson and 
H. J. Moore, JGR)  -
Func t iona l  dependences of b i s t a t i c  r a d a r  f requency s p e c t r a  
on l u n a r  s c a t t e r i n g  laws (Tyler ,  G .  L. and D. H. H. I n g a l l s ,  
submi t t ed, JGR)  
Es t ima t ion  of p o l a r i z a t i o n  w i t h  a r b i t r a r y  an tennas  (Tyler ,  G.  L., 
S t an fo rd  Technica l  Report)  
-
B i s t a t i c - r a d a r  s t u d i e s  of t h e  moon w i t h  Explorer  35 - F i n a l  
Report :  P a r t  2 ( T y l e r ,  G. L. and R. A. Simpson, S t an fo rd  
Techn ica l  Report)  
The re  a r e  a l s o  t w o  a d d i t i o n a l  papers798 i n  e a r l y  s t a g e s  of p r e p a r a t i o n  
t ha t  a r e  based on t h e  r e s u l t s  ob ta ined .  
There  have been a number of less t a n g i b l e  r e s u l t s .  I n  o r d e r  t o  a t t a c k  
t h e  problems mentioned above, i t  w a s  necessary  t o  deve lop  s e v e r a l  new 
computa t iona l  techniques  f o r  manipula t ing  d a t a  i n  t h e  form p e c u l i a r  t o  
the b i s t a t i c  r a d a r  experiments .  The s p e c t r a l  decomposition of echo 
p o l a r i z a t i o n  i s  t h e  prime example. The  use  of t h e  g a l a c t i c  background 
for c a l i b r a t i o n  of percentage  p o l a r i z a t i o n  i s  novel .  Study of t h e  d a t a  
has l e d  t o  advances i n  t h e  hardware and d a t a  r educ t ion  sys tem t h a t  w i l l  
be used f o r  b i s t a t i c - r a d a r  experiments  on Apollo.  
There has  been c o n s i d e r a b l e  i n t e r a c t i o n  wi th  g e o l o g i s t s  working 
on l u n a r  problems. The paper  "Lunar S lope  D i s t r i b u t i o n s :  A Comparison 
of B i s t a t i c  Radar and Photographic  Resul t s" ,  by T y l e r ,  Simpson and Moore, 
is  a product  of t h i s  coope ra t ion .  A s  a r e s u l t ,  w e  now have an improved 
unde r s t and ing  of t h e  type  of in format ion ,  both q u a n t i t a t i v e  and q u a l i t a t i v e ,  
u s e f u l  t o  geology, and o u r  c o l l a b o r a t o r s  a r e  bet ter  a b l e  t o  understand 
t h e  p o t e n t i a l i t i e s  and t h e  l i m i t a t i o n s  of r ada r .  
The remainder  of t h i s  r e p o r t  c o n t a i n s  a b r i e f  d e s c r i p t i o n  of t h e  
s e v e r a l  problem a r e a s  s t u d i e d ,  t h e  work c a r r i e d  out ,  and o u r  conc lus ions .  
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A. SCIENTIFIC CONSIDERATIONS 
1. Lunar Sur face  S lope  D i s t r i b u t i o n s  
The de te rmina t ion  of r o o t  mean squa re  l u n a r  s l o p e s  was one of  
Values of 4 t o  5 t h e  f i r s t  s c i e n t i f i c  r e s u l t s  of r a d a r  astronomy. 
deg rees  were ob ta ined  i n  t h e  meter wavelength range wi th  t h e  use  of 
ground based techniques .  With t i m e ,  a s  t h e  theory  was improved, t h i s  
va lue  r o s e  s t e a d i l y  t o  t h e  10 degree  range. Ground based va lues  apply 
t o  a l i m i t e d  r eg ion  n e a r  t h e  c e n t e r  of t h e  l u n a r  d i s k .  Although t h e  
e f f e c t s  of v a r i a t i o n s  i n  s l o p e  d i s t r i b u t i o n s  a r e  appa ren t  i n  ground 
based range-Doppler maps of r eg ions  remote from t h e  sub-radar  po in t ,  
no q u a n t i t a t i v e  assessment  of t h e s e  v a r i a t i o n s  i n  terms of r o o t  mean 
squa re  s l o p e  d i s t r i b u t i o n s  has  been r epor t ed .  
A de t e rmina t ion  o f  r o o t  mean squa re  s l o p e s  was a l s o  an  i n i t i a l  
r e s u l t  of t h i s  work. However, w e  f i n d  va lues  f o r  t h e  s l o p e s  which a r e  
f a c t o r s  of 2 t o  10 lower than  those  ob ta ined  w i t h  t h e  e a r l i e r  techniques .  
Furthermore,  w e  observe  wide v a r i a t i o n  i n  t h e  s l o p e s  wi th  l u n a r  
topography. Cons iderable  e f f o r t  was devoted t o  unders tanding  t h e  
reasons  f o r  t h i s  d i screpancy  between t h e  monostat ic  (ground based)  and 
b i s t a t i c  r e s u l t s .  W e  now b e l i e v e  t h a t  i t  a r i s e s  from t h e  d i f f i c u l t i e s  
i n  a c c u r a t e l y  probing t h e  quas i - specu la r  p o r t i o n  of  t h e  s c a t t e r i n g  from,$:,i 
very g e n t l y  undu la t ing  s u r f a c e s .  The p u l s e  l e n g t h s  r equ i r ed  by p r e s e n t  
systems a r e  s u f f i c i e n t l y  long t o  wash o u t  t h e  d e t a i l s  of t h e  s c a t t e r i n g  
law i n  t h i s  reg ion .  I t  i s  no t  c l e a r  a t  p r e s e n t  whether  or n o t  t h e s e  
problems can  be overcome even w i t h  very  s h o r t  p u l s e  techniques .  B i s t a t i c -  
r ada r ,  w h i l e  l i m i t e d  i n  some other r e s p e c t s ,  i s  capable  of a c c u r a t e l y  
de te rmining  t h e  n e a r  s p e c u l a r  s c a t t e r i n g  law, and hence may be used t o  
probe low r . m . s .  s l o p e  s u r f a c e s  e f f e c t i v e l y .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  t h e  s l o p e s  based on t h e  e a r l y  monos ta t ic  work, which used long  pu l se  
techniques ,  a r e  most n e a r l y  i n  agreement w i t h  t h e  b i s t a t i c - r a d a r  de t e rmina t ion .  
The s l o p e  work has  been c l o s e l y  compared w i t h  t h a t  of Henry J. Moore 
a t  t h e  U.S. Geologica l  Survey i n  Menlo Park, C a l i f o r n i a .  W e  f i n d  t h a t  
these r a d a r  r e s u l t s  a r e  i n  g e n e r a l  agreement wi th  t h o s e  from photographic  
techniques .  W e  f i n d  t h i s  c o l l a b o r a t i o n  extremely b e n e f i c i a l  and f u l l y  expec t  
i t  t o  cont inue .  Our p r i n c i p l e  i n t e r e s t s  a t  p r e s e n t  a r e  i n  e s t a b l i s h i n g  no t  
on ly  t h e  r o o t  mean squa re  s lope ,  bu t  t h e  s l o p e  d i s t r i b u t i o n  f u n c t i o n s  a s  
w e l l .  Apol lo  14 i s  expected t o  y i e l d  cons ide rab le  over lapping  b i s t a t i c  
r a d a r  and photographic  coverage.  A l i m i t e d  set of t h e  r a d a r  d a t a  from 
Apollo 14 w i l l  be obta ined  s imul taneous ly  a t  VHF and S-band. 
2. Po la r ime t ry  
A c o n s i d e r a b l e  p o r t i o n  of ou r  e f f o r t s  was d i r e c t e d  toward t h e  
r e s o l u t i o n  of t h e  b i s t a t i c - r a d a r  echo i n t o  i t s  quas i - specular  and d i f f u s e  
components. 
P o l a r i z a t i o n  measurements have been c a r r i e d  o u t  p rev ious ly  i n  ground based 
To  accomplish t h i s ,  a new d a t a  process ing  technique  was r equ i r ed .  
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experiments .  The echos of s i g n a l s  t r a n s m i t t e d  from t h e  e a r t h  a r e  
sepa ra t ed  i n t o  t h e i r  po la r i zed  and depo la r i zed  p a r t s  accord ing  t o  
whether  or n o t  they have t h e  same or t h e  or thogonal  p o l a r i z a t i o n  
expected of  an  echo from a p e r f e c t l y  smooth conduct ing plane.  I n  t h e  
b i s t a t i c  experiment,  t h i s  technique  was n o t  p r a c t i c a l  f o r  two p r i n c i p l e  
reasons :  Faraday r o t a t i o n  i n  t h e  e a r t h t s  ionosphere confuses  o r i e n t a t i o n  
of t h e  p o l a r i z a t i o n  e l l i p s e  and t h e  i n c i d e n t  p o l a r i z a t i o n  i s  c o n s t a n t l y  
changing. Hence, t h e  echos were decomposed i n t o  t h e i r  po la r i zed  and 
unpolar ized  p a r t s ,  w i t h  p o l a r i z a t i o n  be ing  de f ined  i n  t h e  o p t i c a l  sense .  
The p o l a r i z e d  p o r t i o n  of  t h e  echo i s  t h a t  p a r t  which has a d e t e r m i n i s t i c  
p o l a r i z a t i o n  e l l i p s e ,  r e g a r d l e s s  of i t s  shape or o r i e n t a t i o n ;  t h e  
depo la r i zed  p o r t i o n  i s  t h a t  p a r t  which c o n s i s t s  of  a random, time vary ing  
e l l i p s e .  I n  p r a c t i c e  t h e s e  two p a r t s  may b e  a s s o c i a t e d  w i t h  t h e  t i m e  
c o r r e l a t e d  and u n c o r r e l a t e d  components of two or thogonal  p o l a r i z a t i o n s .  
According t o  assumptions of s c a t t e r i n g  theory,  which d e s c r i b e  t h e  echo 
i n  terms of quas i - specu la r  and d i f f u s e  s c a t t e r i n g  mechanism, t h e  poLarized 
p a r t  i s  a s s o c i a t e d  w i t h  t h e  quas i - specu la r  cdmponent of t h e  s c a t t e r e d  
wave, w h i l e  t h e  unpo la r i zed  p a r t  i s  a s s o c i a t e d  w i t h  t h e  d i f f u s e  components. 
To o u r  knowledge, t h i s  work r e p r e s e n t s  t h e  first t i m e  r a d a r  echos have been 
t r e a t e d  i n  t h i s  way. Using t h i s  technique,  i t  i s  p o s s i b l e  t o  de te rmine  
t h e  b i s t a t i c  p o l a r  s c a t t e r i n g  diagrams of t h e  l u n a r  s u r f a c e  f o r  t h e  
quas i - specu la r  and d i f f u s e  components s e p a r a t e l y .  
c a r r i e d  o u t  under t h i s  g r a n t  b u t  i s  n o t  y e t  publ i shed .  W e  i n t e n d  t o  p r e s e n t  
i t  i n  t h e  l i t e r a t u r e  i n  t h e  nea r  f u t u r e .  
- 
- 
This  work h a s  been 
3. R e l a t i o n s  between Sur face  S c a t t e r i n g  Laws and t h e  B i s t a t i c -Rada r  
Echo Spectrum 
A s  w e  have i n d i c a t e d  above, t h e  e a r l y  i n t e r p r e t a t i o n s  of b i s t a t i c -  
r a d a r  d a t a  employed a Kirchhoff  a n a l y s i s  f o r  t h e  g e n t l y  undu la t ing  s u r f a c e .  
However, i t  soon became clear  t h a t  t h e  d a t a  c o n t a i n  cons iderably  more 
in fo rma t ion  than  could  b e  e x t r a c t e d  w i t h  a s i m p l i f i e d  a n a l y s i s .  A s  an 
example, t he  e a r l y  work could  n o t  account  f o r  t h e  d i f f u s e  component, low 
a l t i t u d e  e f f e c t s ,  and bu lk  shadowing. A more g e n e r a l  r e l a t i o n  was needed. 
An exac t  i n t e g r a l  r e l a t i o n  between s u r f a c e  s c a t t e r i n g  laws and t h e  b i s t a t i c -  
r a d a r  power spectrum was found. Numerical e v a l u a t i o n  of t h e  expres s ion  
was f e a s i b l e  and c a r r i e d  out .  We now have t h e  t o o l s  f o r  t h e  a n a l y s i s  of 
echoes based on a r b i t r a r y  s c a t t e r i n g  laws, quas i - specular  or d i f f u s e .  
Furthermore, t h e s e  techniques  a r e  v a l i d  f o r  any geometry. One paper  based 
on t h i s  technique  has  been submit ted f o r  p u b l i c a t i o n .  T h i s  c a p a b i l i t y  
i s  expected t o  be of c o n s i d e r a b l e  a d d i t i o n a l  use i n  t h e  f u t u r e .  
4. P o l a r  S c a t t e r i n g  Diagrams 
The angu la r  d i s t r i b u t i o n  of energy flow from a s c a t t e r i n g  s u r f a c e  i s  
desc r ibed  by t h e  p o l a r  s c a t t e r i n g  diagram, or s c a t t e r i n g  law, and can only 
be obta ined  through an  ob l ique  s c a t t e r i n g  experiment,  such a s  b i s t a t i c  
radar .  Hence, one of t h e  p r i n c i p a l  o b j e c t i v e s  of o u r  work has  been t h e  
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e x t r a c t i o n  of t h e  p o l a r  s c a t t e r i n g  diagram from b i s t a t i c - r a d a r  d a t a .  
Two approaches t o  t h i s  problem a r e  a v a i l a b l e .  One may a t tempt  a d i r e c t  
i n v e r s i o n  of t h e  b i s t a t i c - r a d a r  s p e c t r a ,  (i .e.,  t h e  da t a  may be used 
t o  compute t h e  s c a t t e r i n g  diagram d i r e c t l y )  or, one may use a paramet r ic  
approach. I n  t h i s  l a t t e r  case, i t  i s  assumed t h a t  t h e  s c a t t e r i n g  
diagram i s  desc r ibed  by some p a r t i c u l a r  s c a t t e r i n g  l a w  from which 
t h e  b i s t a t i c - r a d a r  s p e c t r a  may be computed. The f r e e  parameters  i n  t h e  
law a r e  then  va r i ed  t o  produce t h e  best f i t  t o  t h e  raw d a t a .  
W e  have used t h e  pa rame t r i c  approach t o  de te rmine  t h e  gene ra l  
p r o p e r t i e s  of t h e  s u r f a c e  s c a t t e r i n g  laws, and t o  de te rmine  t h e  s u r f a c e  
parameters  r equ i r ed  t o  e x p l a i n  our  obse rva t ions .  On t h e  b a s i s  of t h i s  
p re l imina ry  work i t  now appears  p o s s i b l e  t o  c l a s s i f y  d i f f e r e n t  l u n a r  
t e r r a i n  types  by t h e i r  b i s t a t i c  r a d a r  s c a t t e r i n g  p r o p e r t i e s .  
W e  have a l s o  s t u d i e d  t h e  problem of d i r e c t  i n v e r s i o n  and have 
determined t h e  gene ra l  mathematical  requirements  t o  c a r r y  ou t  such a 
program. However, t h e  a d d i t i o n a l  complexity and expense of t he  d i r e c t  
i n v e r s i o n  does  n o t  seem warranted a t  t h i s  t ime. 
B. DEVELOPMENTS 
The problems and r e s u l t s  d i scussed  above a l l  r ep resen t  work i n  
e s s e n t i a l l y  new a r e a s .  Even though t h e  p r i n c i p l e s  of s c a t t e r i n g  a n a l y s i s  
a r e  w e l l  known, w e  know of no previous  a t t empt  t o  a c t u a l l y  c a r r y  ou t  t h e  
p rocesses  and i n t e r p r e t a t i o n s  desc r ibed  above w i t h  r a d i o  techniques .  
Consequently,  i n  a t t a c k i n g  these problems, w e  achieved some advances 
i n  t h e  s o p h i s t i c a t i o n  of o u r  d a t a  p rocess ing  techniques  and 
sof tware .  Three a r e a s  i n  p a r t i c u l a r  dese rve  mention. 
1. R a t i o s  of P o l a r i z a t i o n  
V a r i a t i o n s  i n  t h e  Explorer  35 antenna p a t t e r n  in t roduced  cons ide rab le  
d i f f i c u l t i e s  i n  d i r e c t  i n t e r p r e t a t i o n  o,f t h e  b i s t a t i c - r a d a r  d a t a  from 
t h a t  s p a c e c r a f t .  
changes i n  t h e  p o l a r i z a t i o n  of  t h e  i n c i d e n t  wave might e r roneous ly  be 
a t t r i b u t e d  t o  t h e  l u n a r  s u r f a c e .  A s imple  no rma l i za t ion  procedure,  based 
on t h e  r a t i o  of c i r c u l a r  p o l a r i z a t i o n s  expected from a p a r t i c u l a r  su r f ace ,  
for an  a r b i t r a r y  i n c i d e n t  p o l a r i z a t i o n ,  was developed. When combined 
w i t h  t h e  known i n c i d e n t  p o l a r i z a t i o n  and t h e  d a t a ,  i t  was p o s s i b l e  t o  
produce a d i s p l a y  of t h e  l u n a r  s u r f a c e  t h a t  w a s  c o r r e c t e d  f o r  
s p a c e c r a f t  antenna p r o p e r t i e s .  For i n s t a n c e ,  a contour  map showing t h e  
d e v i a t i o n  of t h e  s u r f a c e  d i e l e c t r i c  c o n s t a n t  from any p a r t i c u l a r  e f f e c t i v e  
va lue  was produced. S i m i l a r  con tour  maps were a l s o  produced showing 
t h e  v a r i a t i o n  of r e g o l i t h  depth .  These maps have been used i n  
p re l imina ry  j o i n t  s t u d i e s  w i t h  t h e  USGS of r e g o l i t h  depth  and s u r f a c e  
d e n s i t y .  F u r t h e r  work i n  t h i s  a r ea  a w a i t s  t h e  Apollo d a t a .  
For i n s t a n c e ,  changes i n  t h e  echo p o l a r i z a t i o n  due t o  
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2. Numerical Methods of Computing B i s t a t i c -Rada r  Spec t ra  
from t h e  Sur face  S c a t t e r i n g  Laws 
A computer program t h a t  computes t h e o r e t i c a l  b i s t a t i c - r a d a r  s p e c t r a  
f o r  a r b i t r a r y  s c a t t e r i n g  laws and b i s t a t i c - r a d a r  geometr ies  has  been 
developed. Th i s  program i s  based on t h e  a n a l y s i s  desc r ibed  i n  t h e  
prev ious  s e c t i o n  and h a s  proved an  extremely powerful t o o l  i n  t h e  da t a  
a n a l y s i s  and i n t e r p r e t a t i o n .  Output from t h i s  program provides  t h e  
b a s i s  for paramet r ic  s t u d i e s  of s u r f a c e  s c a t t e r i n g  laws. 
3. D i g i t a l  Po la r ime te r s  
The most powerful a n a l y s i s  r educ t ion  t o o l  developed i s  t h e  d i g i t a l  
po la r ime te r .  I n p u t s  t o  t h i s  program a r e  sets of weighted Four i e r  
c o e f f i c i e n t s  computed from sampled d a t a .  The c a l c u l a t i o n  of these 
c o e f f i c i e n t s  and t h e i r  u s e  i n  s p e c t r a l  a n a l y s i s  has  been desc r ibed  a t  
l e n g t h  elsewhere.6,g,10 
t h e  e l ec t romagne t i c  coherency ma t r ix  i s  computed d i r e c t l y  from electric 
f i e l d  measurements, r a t h e r  t han  i n d i r e c t l y  by electric i n t e n s i t y  measurements 
of  t h e  S tokes  parameters .  
i t  i s  a computa t iona l ly  s imple m a t t e r  t o  perform t h e  a d d i t i o n a l  manipulat ion 
r equ i r ed  t o  de te rmine  such q u a n t i t i e s  a s  t h e  po la r i zed  and unpolar ized p a r t s  
o f  t h e  echo and t h e  percentage  p o l a r i z a t i o n .  
q u a n t i t i e s  i s  obta ined  a s  a f u n c t i o n  of  f requency.  The f i n a l  ou tpu t  i s  
6 
t h e  s p e c t r a l  decomposi t ion of t h e  b i s t a t i c  r a d a r  echo p o l a r i z a t i o n .  Examples 
of p o l a r i z a t i o n  s p e c t r a  from Explorer  35 a r e  g iven  i n  P a r t  I1 of  t h i s  r e p o r t .  
Our approach d i f f e r s  from most o t h e r s  i n  t h a t  
Once t h e  coherency m a t r i x  has  been obta ined ,  
Furthermore, each of  t h e s e  
C. CATALOGED DATA 
I n  c a r r y i n g  o u t  t h i s  work w e  found i t  convenient  t o  combine a l l  of  
t h e  reduced d a t a  and t h e  a p p r o p r i a t e  exper imenta l  parameters  i n t o  one 
d a t a  set. T h i s  d a t a  set, inc lud ing  a d e s c r i p t i o n  of  a l l  d a t a  manipulat ions,  
c o n s t i t u t e s  t h e  body o f  P a r t  I1 of t h i s  r e p o r t .  
S c i e n t i f i c a l l y ,  w e  c o n s i d e r  t h i s  t o  have been a f r u i t f u l  per iod .  
We now have t h e  t o o l s  t o  q u a n t i t a t i v e l y  d e s c r i b e  l u n a r  s l o p e s  and d e n s i t y  
p r o f i l e s .  We f u l l y  expec t  f u r t h e r  p rogres s  i n  t h i s  work, based on t h e  
foundat ions  l a i d  here .  B i s t a t i c - r a d a r  d a t a  can b e  used t o  q u a l i t a t i v e l y  
d e s c r i b e  rock  d i s t r i b u t i o n s  and smal l  sca le  s t r u c t u r e .  From a r a d a r  t h e o r e t i c  
p o i n t  of  view, w e  have t e s t e d  t h e  Kirchhoff approximation and found i t s  
l i m i t a t i o n s .  W e  have extended f i r s t  o r d e r  t heo ry  t o  i n c l u d e  a r b i t r a r y  
s c a t t e r i n g  laws and a cons ide rab ly  g r e a t e r  range of v a l i d i t y .  There has  
been s u f f i c i e n t  development of t h e  d a t a  p rocess ing  techniques  t o  s t i m u l a t e  
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work on second o r d e r  t heo ry .  Techn ica l ly ,  w e  have extended our c a p a b i l i t i e s  
so a s  t o  pe rmi t  t h e  unde r t ak ing  of more s o p h i s t i c a t e d  experiments i n  t h e  
f u t u r e .  
above, may be found i n  t h e  enclosed r e f e r e n c e s .  
S p e c i f i c  d e t a i l s  of our r e s u l t s ,  i n  a d d i t i o n  t o  t h e  summary 
S i n c e r e l y  yours, 
G.  L. T y l e r  
Research Engineer  
GLT : lwg 
Enc losu res  
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